Previous in vitro studies have demonstrated that the cavernous relaxation under hypoxia does not involve the endothelium dependent mechanism. However, the mechanism of nitric oxide pathway under hypoxia are not fully evaluated or understood yet in vivo.
Introduction
Priapism is a painful, abnormal, and persistent erection and normally associated with sexual excitement and desire, which does not subside after sexual intercourse or masturbation. It is widely accepted that blood stasis in priapism causes trabecular edema which disrupts the elastic nature accounts for the initiation of erectile tissue ®brosis. 1 The presence of priapism for 24±48 h is accompanied by a variable degree of ®brosis of the erectile tissue, and ®nally leads to irreversible impotence in 50% of patients who delay longer than 30 h before seeking advice and in those who are treated conservatively and ineffectively. 2 Between the two forms of priapism, veno-occlusive priapism, by far the most common form of the two, is ischemic in nature (pH`7.25, PO 2`3 0 mmHg, PCO 2 b 60 mmHg). 3 The danger to the patient is not the erection itself, but blood stasis within the corpora cavernosa leading to a reduction of oxygen and an elevation of CO 2 partial pressure. 2 Advances in research have led us to the more precise understanding about penile anatomy and erectile physiology. But it is still theoretical and the pathophysiology and treatment of priapism remained to be elucidated. Several in vitro studies of erectile responses under hypoxia demonstrated that the cavernous relaxation does not involve endothelium dependent mechanism, the basal release of nitric oxide through the activation of the cGMP pathway or the release of vasodilator prostaglandins. 4±6 Recently, Wang et al 7 reported that nitric oxide (NO) is a mediator of penile erection under normoxia in vivo feline study. But there are few reports concerning in vivo erectile response under hypoxia.
It is necessary to investigate the erectile response and the role of NO under hypoxia in vivo for the precise understanding of the pathophysiology in ischemic priapism. The present study was done to investigate the in vivo erectile response under hypoxia with acidosis.
Materials and methods
Forty-®ve mature male cats weighing 3.0±4.5 kg were anesthetized with a-chloralose (60 mg/kg intramuscularly) initially and maintained with 0.8 cc/2 h. 0.9% normal saline was infused via antecubital vein at the rate of 2 ml/kg/h. Tracheotomy was done and connected with Harvard animal ventilator apparatus for ventilation. Pancuronium bromide (0.3 cc/kg) was infused initially, and maintained with 1 cc/h as a myoblock. Central catheterization into the internal carotid artery was done for arterial blood gas analysis (ABGA) and to monitor systemic arterial blood pressure. A 23-G needle was placed into the corpus cavernosum to measure the changes of intracavernous pressure (ICP). Systemic arterial blood pressure and ICP were measured with Grass model 7 polygraph via Gilson T-T23XL pressure transducers. A retrograde microcannulation into a branch of internal pudendal artery was done at one side, with an elongated Tygon tubing (original inner diameter; 0.25 mm, outer diameter; 0.76 mm), to infuse the drugs into the penis and the rest of branches except penile artery were ligated. Normoxia (PO 2 b 100 mmHg, PCO 2`4 0 mmHg) was produced with the setting of ventilator such as 10 ml/kg of tidal volume and 15±20 min of respiratory rate. At the end of individual experiment under normoxia, the tidal volume was decreased to 75% of normoxic status and respiratory rate with 10 min to induce the de®nitive hypoxia of ischemic priapism. We de®ned the de®nitive systemic hypoxia as the same range of cavernous hypoxia in low-¯ow priapism such as PO 2 lower than 30 mmHg, pH below 7.25, and PCO 2 higher than 60 mmHg on ABGA. Additionally, to avoid too much arterial blood sampling and to determine the adequate time for ABGA, we used CO 2 monitor which was connected to expiratory air. Each status was monitored with ABGA. For hypoxia, ABGA was done at 60±70 mmHg of PCO 2 on the CO 2 monitor, about 60 min after modulation of the setting on ventilator.
For each animal under normoxia and hypoxia, Larginine (10
78

±10
71 M/0.2 ml), a substrate for nitric oxide synthase (NOS) was infused via the Tygon tubing in incremental doses. The changes of ICP from basal ICP pressure were recorded. The minimal dose of L-arginine, producing cavernous relaxation, was selected, and L-arginine, was infused incrementally from the minimal dose, followed by L-NAME (NOS inhibitor, N o -nitro-l-arginine-methyl-ester) to observe the block by L-NAME. The doses of the L-NAME (10 77 ±10 74 M/0.2 ml) were increased according to the doses of L-arginine, too. D-arginine (10 78 ± 10 71 M/0.5 ml), an inactive stereoisomer of L-arginine, was infused to see the speci®city of NO in cavernous relaxation. A potent NO donor, SNAP (snitroso-n-acetyl-penicillamine, 10 78 ±10 71 M/0.2 ml) was infused in the same manner. Methylene blue (10 75 M/0.2 ml), known as a guanylate cyclase inhibitor, was used in some cases instead of L-NAME to observe the blocking effect. The changes of ICP to acetylcholine (10 78 ±10 71 M/0.2 ml) were recorded in the same manner as L-arginine.
Additionally, indomethacin (10 73 M/0.2 ml), a cyclooxygenase inhibitor which block the synthesis of PGE2, PGF2a, thromboxane A2, and PGI2, followed by acetylcholine to see the additive relaxation at maximal ICP by acetylcholine. Finally, epinephrine (10 78 ±10 73 M/0.2 ml) followed by acetylcholine to see the contractile response at maximal ICP by acetylcholine. These experiments were done under hypoxia.
All data were represented in terms of the mean and the standard deviation, and analyzed by Student's t-test. The value of P`0.05 was considered statistically signi®cant. The net changes of ICP from basal ICP are plotted in terms of the mean and the standard error on ®gures.
Results
Mean weight of 45 cats was 3.53 AE 0.34 kg and 36.1 AE 1.72 C of body temperature. Mean hypoxia inducing time was 74.57 AE 12.74 min, respectively. The results of ABGA showed statistically signi®cant difference in scores of pH, PO 2 , and PCO 2 between normoxia and hypoxia. The scores of pH, PO 2 and PCO 2 under hypoxia (pH: 7.03, PO 2 : 25.52 mmHg, PCO 2 : 84.66 mmHg) were well correlated with the de®nitive ranges of ischemic priapism on cavernous blood gas (pH`7.25, PO 2`3 0 mmHg, PCO 2 b 60 mmHg). There was no statistically signi®cant difference in basal ICP between normoxia and hypoxia ( Table 1) .
Mean arterial systolic and diastolic blood pressure were 152.87 AE 18.35 and 133.94 AE 16.06 mmHg under normoxia. The corresponding scores of hypoxia were 137.91 AE 21.64 and 125.46 AE 12.75 mmHg. There was no statistically signi®cant difference between the normoxia and hypoxia in systemic blood pressure. D-arginine, L-NAME, and methylene blue did not affect systemic blood pressure under normoxia and hypoxia, L-arginine induced transient fall in systemic blood pressure but the degree was minimal and recovered rapidly under both conditions. Acetylcholine, epinephrine and indomethacin induced statistically signi®cant reactive¯uctuations on the systemic blood pressure. The¯uctuations were more The outcomes of individual experiments are as follows:
(1) Responses of intracavernous injection of L- arginine and D-arginine under normoxia and hypoxia ( Figure 1 ): L-arginine induced dosedependent increase of ICP under normoxia. But L-arginine had no effect under hypoxia (n 19, P`0.01). D-arginine did not induce cavernous relaxation under both normoxia and hypoxia (n 5, P`0.01). (2) Responses of intracavernous injection of Larginine followed L-NAME and methylene blue under normoxia ( Figure 2 ): Under normoxia, L-NAME blocked the cavernous relaxation by L-arginine in dose-dependent manner (n 19, P`0.01). Among the nineteen experiments, the cavernous relaxations in four cats were completely blocked at the dose of 10 76 M/0.2 ml, and those in eleven and the remaining four cats were completely blocked at the dose of 10 75 M/0.2 ml and 10 74 M/0.2 ml of L-NAME, respectively. The blocking effect was statistically more signi®cant with higher concentration of L-NAME. Methylene blue also exhibited the blocking effect under normoxia (n 5, P`0.01). Methylene blue completely blocked the cavernous relaxation at the dose of 10 75 M/0.2 ml. choline and acetylcholine followed L-NAME under normoxia and hypoxia ( Figure 5 ): Acetylcholine induced cavernous relaxation in dose-dependent manner under normoxia and hypoxia. But the cavernous relaxation was 58% suppressed under hypoxia compared to normoxia with 10 73 M/0.2 ml of acetylcholine (n 22, P`0.01). The acetylcholine-induced relaxation was partially suppressed by L-NAME under normoxia, but not suppressed under hypoxia (n 22, P`0.05). (6) Responses of intracavernous injection of epinephrine and indomethacin followed acetylcholine under normoxia and hypoxia ( Figure 6 ): Epinephrine suppressed the acetylcholine-induced relaxation under both normoxia and hypoxia in a dose-dependent manner (n 10, P`0.01). The cavernous contraction by 10 73 M/ 0.2 ml of epinephrine was 32% enhanced under normoxia compared to hypoxia. The experiments with epinephrine beyond the dose of 10 73 M/0.2 ml were abandoned for the instab ility of vital sign. Indomethacin augmented the acetylcholine-induced relaxation under normoxia and hypoxia (n 6, P`0.05). The outcomes of indomethacin beyond the concentration of 10 75 M/0.2 ml were inadequate for the extreme response, even producing the pelvic skeletal rigidity. The additive relaxation by 10 73 M/0.2 ml of indomethacin was 110% enhanced under normoxia compared to hypoxia. None of these substances responded in severe hypoxia (PO 2`1 5 mmHg, n 3). Responses of intracavernous injection of acetylcholine and acetylcholine followed L-NAME to ICP under normoxia and hypoxia (n 22). The cholinergic relaxation was more potent under normoxia than under hypoxia. The L-NAME partially suppressed the acetylcholine-induced relaxation under normoxia but not under hypoxia. The asterisks indicate scores signi®cantly different from the corresponding scores of hypoxic group. (*P`0.05, **P`0.01). Nitric oxide in vivo feline erection under hypoxia JJ Kim et al
Discussion
Penile erection and detumescence are hemodynamic events primarily regulated by the relaxation and contraction, respectively, of the arterial and corporal trabecular smooth muscle. 8 In¯accid state, baseline cavernous smooth muscle tone is high. 9 Also, the cavernous smooth muscle tone depends upon the oxygenation of the muscle like other organs. 10 The simian penile blood gas studies in experimental priapism have shown that blood gas values begin to evidence inadequate circulation, hypoxia and accumulation of metabolic acidic products after 6 hours. In veno-occlusive priapism, severe hypoxia (PO 2 0±10 mmHg) and acidosis develop and are believed to be a major contributing factor to the perpetuation of priapism and tissue injury, 11 this leads to increased blood stasis and therefore a vicious cycle.
Priapism is localized cavernous hypoxia. But it is impossible to set up in vivo localized cavernous hypoxia. So, we designed hypoventilated systemic hypoxia with resultant acidosis in the room air and avoided the cavernous blood sampling for blood gas analysis. The results of ABGA revealed the hypoxia with acidosis, made by ventilator in this study, had statistical signi®cance. But unlike the in vitro study, one of the problems of in vivo study is sympathetic hyperactivity. This study is more stressful condition to experimental animal than other studies using mixture of gases. Besides of the other nonrelaxing factors, the neurogenic contraction should be considered as a bias in vivo pharmacological study under hypoxia. Concerning the drug delivery system to the penis, we used the direct arterial infusion method instead of the direct cavernous approach like Dynamic Infusion Cavernosometry and Cavernosography (DICC). Cavernous smooth muscle relaxation by NO donors lead penile erection through the increased ICP and penile length. 7 In this study, we did not measure the penile length but recorded the changes of ICP in response to vasoactive substances.
Considerable reports suggest that endothelial cell synthesize NO is a by-product of the catalytic conversion of the guanido nitrogen of L-arginine to L-citrulline by the enzyme nitric oxide synthase (NOS). This action is stereoselective and speci®c because D-arginine and other basic amino acids do not produce NO or potentiate endothelium-dependent vasodilation. 12 The inhibition of endotheliumdependent vasodilation by NOS inhibitor was reversed by L-arginine but not by D-arginine. 13 We used L-arginine as a substrate of NOS and SNAP as a NO donor to investigate the role of NO in penile erection as endothelium-derived relaxing factor (EDRF). As shown in other studies, L-arginine induced cavernous relaxation but D-arginine did not under normoxia in this study. L-NAME antagonized L-arginine-induced relaxation under normoxia. Under hypoxia, both L-arginine and Darginine did not induce relaxation, these results indicate that in vivo feline erection is endotheliumdependent relaxation and NOS is inactivated under hypoxia. Direct donation of NO by SNAP induced cavernous relaxation under normoxia but did not under hypoxia. And the relaxation was antagonized by methylene blue under normoxia. These results suggest that cavernous unresponsiveness to SNAP under hypoxia may be due to the hypoxic inhibition on accumulation of cGMP or altered smooth muscle contractility under hypoxia. Because SNAP does not require oxygen for nitric oxide generation. Additionally sympathetic hyperactivity maybe another nonrelaxing factor in this study. The results of NO and NOS inhibitor under normoxia coincide with the report of Wang et al.
7
There are at least three mechanisms by which parasympathetic activity may contribute to penile tumescence and erection, all of which decrease the effects of norpinephrine (NE): (1) the release of NE may be inhibited by stimulation of muscarinic receptors on adrenergic nerve terminals; (2) the postjunctional effects of NE may be counteracted by muscarinic receptor-mediated release of a relaxant factor from the endothelium; and (3) the postjunctional effects of NE may be counteracted by relaxation factors, for example, NO and vasodilating peptides, released from the parasympathetic nerves.
14 In this study, attenuation of the acetylcholine-induced relaxation under hypoxia and partial suppression of the acetylcholine-induced relaxation by L-NAME under normoxia might be due to hypoxic blockade of NO pathway. In contrast to the no relaxing effect of L-arginine under hypoxia, acetylcholine induced cavernous relaxation equivalent to 42% of normoxia under hypoxia. These results suggest that cholinergic pathway intricated partially with EDRF, acetylcholine may act another unknown mechanism other than NO pathway. It may be muscarinic postjunctional inhibition of NE on adrenergic nerve terminals, or activation of adenylate cyclase, and prostanoid pathway. Additionally, hypoxia inhibits generation of endothelial NO by acetylcholine.
In most vascular beds, PGI 2 is considered to be vasodilator and thromboxane A 2 as a constrictor. But at high concentration, PGI 2 , PGF 2a , PGE 2 were found to have a contractile action. 15, 16 The release of eicosanoids was enhanced by acetylcholine and blocked by indomethacin. Inhibition of the release of eicosanoids potentiate the relaxing effect of nitric oxide. The net effect of prostanoids appears to be contraction which partially counteracts the dilator effect of EDRF. 17 Indomethacin potentiated the acetylcholine-induced relaxation and the degree was greater under normoxia than under hypoxia in this study. These results coincide with the report of Azadzoi et al 17 and cavernosal relaxation depends on tissue oxygenation. In priapism, the immediate goal of therapy is to improve drainage of corpora cavernosa permitting detumescence of the penis and preventing ischemia, ®brosis, and impotence. Penilē accidity and detumescence are mediated by aadrenergic stimulation, cessation of release of relaxing neuroeffectors and possibly by release of endothelin and spontaneous myogenic contractile activity. 18 But, the corporal smooth muscle tone and spontaneous contractile activity depend on the state of corporal oxygenation. Also the contractile response to a-agonists and ®eld stimulated relaxation depend on the state of corporal oxygenation. Kim et al 4 reported that hypoxic conditions (PO 2 15 mmHg) prevent or reduce tissue accumulation of cGMP normally induced by FS. They concluded that NO synthesis is mediated by physiologic concentrations of oxygen. Corporeal irrigation with the a-adrenergic agents most commonly used includes epinephrine, phenylnephrine, and ephedrine. Epinephrine is a potent adrenergic agonist and has some b-adrenergic properties as well. The bactivity may have added bene®t in acting on the venous wall causing venodilatation. 19 In our experiments of epinephrine with acetylcholine, the cavernous contraction was more prominent under normoxia with a higher concentration than under hypoxia with acidosis. In severe hypoxia (PO 2`1 5 mmHg), there was no response to all vasoactive substances in this study. These results coincide with the report of altered contractility under hypoxia. 5 Hypoxia causes a simultaneous increase in intracellular calcium and relaxation is the consequence of inhibition of oxidative phosphorylation with loss of high energy phosphates, necessary for the homeostasis of Ca 2 and the contractile mechanism of the cavernous smooth muscle. These results suggest that the treatment should be started as soon as possible and for the better therapeutic effect, a higher concentration of aadrenergics should be used in the treatment of priapism as long as no adverse effects are observed.
Conclusions
Our study suggests that adrenergic, cholinergic, NANC neuroeffector systems participate in the in vivo feline penile erection and¯accidity. The corporal smooth muscle tone, depend on the state of corporal oxygenation plays a key role through various mechanisms in erectile response. Among these mechanisms, the NO pathway via cGMP plays a major role in cavernous relaxation under normoxia, but under relative hypoxia, it is partially blocked and may be completely blocked under de®nitive hypoxia with acidosis (PO 2`3 0 mmHg, pH`7.25). On the other hand, the acetylcholine-induced relaxation under de®nitive hypoxia may be through the muscarinic inhibition of NE or prostanoids pathway via cAMP. Under severe hypoxia (PO 2`1 5 mmHg), acetylcholine did not induce relaxation. It may result from altered smooth muscle contractility.
Conclusively, erectile responses are attenuated under hypoxia with acidosis. It may result from suppression of NO pathway, altered smooth muscle contractility, or combination of both. There is still the need to investigate the other factors such as calcium channel and potassium channel which participate in the cavernous contractile response under various levels of O 2 saturation in in vivo for the understanding of the precise role of NO pathway.
